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Introduction 
The third year of this project focused on gene discovery, identifying novel regulators of cell motility using 
a high throughput small interfering RNA (siRNA) screening approach.   The objective was to identify 
genes that regulate motility in a normal mammary epithelial cell line, particularly in the scenario where 
loss of gene expression results in a significantly motile cell.  siRNA screening is currently the cutting 
edge of mammalian siRNA technology (1), is still extremely expensive, requires access to robotic 
facilities, high throughput microscopy, extensive data storage and intensive bioinformatics analysis.  
Within the Department of Cell Biology at Harvard Medical School I have gained access to all the tools 
necessary to successfully undertake such research.   
 
Body – progress report 
 
AIM 4: Develop high throughput siRNA screening technology to take an unbiased approach to identify 
novel genes that regulate motility and invasion of breast cells. 
 
To achieve the sub-categories of this Aim, I developed the conditions to robotically transfect, wound and 
image cells in a 96 well format.  The siRNA screen comprised 1081 individual genes that were derived 
from the human protein and lipid kinases (577 genes), phosphatases (192 genes) and a custom (migration-
related) library of 312 genes that were hand selected to encompass extended family members of genes that 
have been implicated in cell migration and invasion in cell lines and a range of tumour types of different 
origins.  The primary screen used Dharmacon SMARTpools, an aggregation of 4 individual sequences to 
each gene and centred on the normal mammary epithelial cell line, MCF10A and the classic wound 
healing assay to measure cell motility (2).  These cells form a classic cell-cell contacted cobblestone 
epithelial cell monolayer and are non-motile unless stimulated to move by addition of EGF.  We 
established that 12 hours of wound healing was sufficient to distinguish accelerated and impaired 
migration from controls and developed an automated numerical measure of cell motility.  In addition, a 
visual call was made for each wound and in some cases was used to over-ride the numerical score.  The 
impact of the siRNA on general cell metabolism was measured in parallel using an Alamar Blue reduction 
assay.  The phenotypic range of the assay and functional classifications are indicated in Figure 1. 
 
Aim 4.1 – complete screening of the migration-related siRNA library initiated in the pilot study phase.  
Aim 4.2 – screen the human protein kinase and phosphatase siRNA libraryes using the wound healing 
approach. 
These 2 Aims have been completed and the data has been merged to present an overview of the entire 
screen, encompassing the 3 different libraries. 
 
Collation of the data from the kinase, phosphatase and custom library screen in MCF10A cells is shown 
in Figure 2.  Hits were binned into 3 categories, accelerated migration (closing bin) comprised 101 genes 
(9.3% of total), impaired migration (Open bin) comprised 202 genes (18.7% of total) and impaired cell 
metabolism (low alamar bin) comprised 154 genes (14.2% of total).  These data are the collation of 3 
independent screens performed in duplicate, with overall reproducibility of 88%.  The distribution of the 
hit bins is indicated for each library (Figure 2B).  It is interesting to note that 75% of the phosphatase 
genes did not evoke a motility response in these cells.   
 
To validate the phenotype of the SMARTpools and eliminate potential false phenotypes, we screened 2 of 
the 4 individual sequences that constitute the pool.  For 39% of genes the phenotype of both individual 
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sequences matched the SMARTpool while 36% showed 1 of 2 (Figure 2C).  It was difficult to reconcile 
those genes in which only 1 sequence matched the pool, therefore we chose to focus in greater detail on 
the 101 genes that accelerated migration and repeated the screen using re-synthesised SMARTpool and 4 
individual sequences on the same plate.  We identified 31 high confidence genes that showed either 3 or 4 
of the 4 individuals matching the SMARTpool phenotype and a further 32 lower confidence genes that 
showed 2 of the 4 matching (Figure 3A).  Morphologically we observed tight concordance between wells 
as shown by knockdown of RHOA (Figure 3B).  One of the hallmarks of tumour success and progression 
to metastatic sites is extravasation of the cells from the primary tumour and migration to secondary sites 
(3).  Typically in vitro this is observed by loss of cell-cell contact and an elongated morphology termed an 
epithelial to mesenchymal transition (3).  It is interesting to note that we observed 14/101 closing genes 
that have undergone such striking morphological changes, with a high proportion (5 of the 11) falling into 
the high confidence 4 of 4 concordance category (Figure 3Ci).  Of the remainder the majority maintain 
strong cell-cell contact and continue to move as a sheet, seemingly requiring support from surrounding 
cells to maintain motility (Figure 3Cii).   
 
The extent of gene knockdown was established for the kinase and phosphatase genes using branched 
DNA (bDNA) technology (Genospectra) in collaboration with Dharmacon RNA technologies.  This 
represents a significant undertaking and one that remains elite within the RNAi screening arena.  
Knockdown was established for 762 of the 769 kinase and phosphatase genes and was performed in 
parallel with wound healing.  It was striking to see that a significant proportion, 220 genes (29%) showed 
greater than 80% knockdown, while overall, 393 genes (52%) showed knockdown greater than 60% 
(Figure 4).  126 genes recorded a knockdown value of <20% and of these, 80 genes were previously 
undetectable by bDNA in baseline detection analysis, reflecting the limited sensitivity of the assay for 
genes that may be poorly expressed, since this assay is measuring direct quantities, not amplifying the 
signal as for PCR-based methods.  A further 115 genes were not scored due to various technical issues. 
Interestingly, we did not observe any significant enrichment of knockdown in any of the hit categories 
(Figure 3, see overlay), but within each phenotypic category we observed a similar knockdown 
distribution, that is, approximately one-third of the genes in each group were knocked down >70%.   
 
Aim 4.3- collate data from all screens, segregate into functional categories and analyse the data for 
pathway linkages using bioinformatics approaches. 
 
Our first approach to informatically mine this data was to interrogate 3 independent databases (NIH 
DAVID, Bioknowledge library, Gene Sifter) using broad gene ontology terms.  We chose terms that 
relate directly to the biological process of cell motility, including Cell Motility, Cell Migration, Cell 
Adhesion and Chemotaxis, and those that are involved in cell structural regulation such as cytoskeleton, 
lamellipodium and focal adhesion.  In addition, we looked at general processes such as cell death, 
proliferation and cell cycle.  There was significant overlap between these terms and we found that many 
of the hit genes had been previously implicated in the literature as having some role in cell migration.  In 
order to identify new players in the migration field, we collated the high confidence genes that accelerated 
or impaired migration (not the low alamar sub group) and had no association with cell migration terms 
and worked backwards to determine the binding partners of these proteins.  There are several interactome 
databases and we chose to use BOND (Biomolecular Object Network Databank), a database that has an 
exhaustive and frequently updated compilation of mammalian interaction data.  Of the 81 genes that we 
used as bait, we identified 160 unique interactions, of which 37 had been screened in our assay.  We are 
now working towards identifying whether these interactions are real and viable to follow. 
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To investigate signalling pathways we have used the Ingenuity software package and queried the network 
linkages of the genes in the closing, open and low alamar hit bins.  The top network that incorporates 
many of the hits from each category revolves around the β-catenin signalling pathway which is a critical 
pathway for many aspects of development and disease (4).  Lesser pathways include various growth factor 
networks such as EGF, PDGF and VEGF.  This is the first step towards identifying new migration 
pathways and will require biochemical validation.     
 
To further define priority candidates and link direct disease associations we collated the microarray data 
from 3 recent studies that compared different tumour subclasses, most notably the aggressive basal 
tumours with non-basal tumours and ER-PR- tumours with ER+PR+ tumours (5, 6, 7).  Focusing on the 
genes that were up- or down-regulated in at least 2 of the 3 studies revealed 53 genes (10 Closed, 27 Open 
and 16 Low Alamar) that were up-regulated in basal/basal-like tumours and 37 genes (7 Closed, 22 Open 
and 8 Low Alamar) that were down-regulated in basal/basal-like tumours.  Future studies will be directed 
towards pathway analysis of these genes and subsequently focusing on a subset that have most clinical 
relevance. 
 
Aim 4.4 Develop tertiary assays to further subdivide functional categories and follow up critical 
candidates at a biochemical level. 
Several different approaches were used to sub-classify the genes in different hit bins.   
I attempted to set up high throughput time-lapse video microscopy to image cells during the 12 hour 
wound closure period.  We encountered many technical obstacles, particularly as optimal imaging 
required the use of glass bottom plates and fluorescent tagged cell lines.  We found the cells did not 
migrate as efficiently on glass bottomed plates and we were unable to generate fluorescent tagged lines 
that emitted sufficient fluorescence for detection over time.  We tried various vital dyes but all were toxic 
to the cells over the 12 hour wounding period.   
 
High content staining of the closing genes with the cell-adhesion markers E-cadherin and N-cadherin was 
initiated but completed.  Whilst the staining worked, I was unsuccessful in developing a computational 
program that was fully quantitative, particularly as we observe delocalisation of these proteins in response 
to altered cell morphology and migration and not loss of expression.   
 
We aimed to establish which low alamar sub-class genes were binned as a result of loss of cell adhesion, 
altered metabolism or cell death.  To address the cell death aspect we screened the 154 low alamar genes 
using MCF10A cells expressing Bcl2.  Interestingly we observed only 9 genes in which the low alamar 
phenotype was rescued (NCAM1, MSX1, PLAUR, PVR, RABGEF1, SORBS1, MAPKAPK, NRCAM, 
TGFB1I1), suggesting these genes may have a role in cell death in the MCF10A cells.   
 
We chose several high confidence closing genes (ADCK4, PTPRO, MAPK14, CTNNB1, CTNND1, 
CTNNA1, PPP1R1B) as candidates for longer term stable knockdown analysis using a short hairpin 
RNAi approach (shRNA- OpenBiosystems).  There are 4 or 5 different constructs per gene and we are 
currently characterising the migration phenotype for each line.  We will then analyse the migration 
phenotype in 3D, embedding the cells in basement membrane (Matrigel), a strong predictor of behaviour 
in vivo.  More extensive biochemical analysis will begin once we determine the 2D migration phenotype 
is recapitulated in 3D. 
 
Aim 4.5 – identify genes that interact with RHOA and RHOC. 
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This aim has not yet been addressed.   
 
Key Research accomplishments 

• Screened 1081 genes using a high throughput siRNA approach 
o Established the extent of knockdown for the kinase and phosphatase genes 
o Identified a subset of genes that migrate with an altered ‘mesenchymal-like’ morphology  
o Identified genes that migrate without losing cell-cell contact 
o Identified the β-catenin signalling pathway as a major migration signalling node 
o Identified a number of genes as future candidates for analysis that have breast carcinoma 

disease association 
• Generating stable knockdown cell lines of key candidate genes using a lentiviral shRNA approach. 

 
Reportable outcomes 
Publications 
Bellovin DI, Simpson KJ, Danilov T, Maynard E, Rimm DL, Oettgen P and Mercurio AM. Reciprocal 
Regulation of RhoA and RhoC Characterizes the EMT and Identifies RhoC as a Prognostic Marker of 
Colon Carcinoma.  Oncogene 2006; 25(52):6959-6967; May 22, epub 
 
Oral presentations 
Women’s Leadership Board, Kennedy School of Government, Harvard University.  Stem cells and breast 
cancer – exploring the possibilities.  May 4, 2006. 
 
Sanofi Aventis.  Cambridge Massachusetts.  Identifying genes that regulate cell motility using high 
throughput siRNA technology.  May 11, 2006. 
 
VAV Program Project Grant meeting, Harvard Medical School.  An siRNA screen for genes regulating 
cell motility.  October 5, 2006. 
 
American Society of Cell Biology, Annual meeting, San Diego.  Acceleration and suppression of human 
epithelial cell migration by siRNA.  December 9, 2006. 
 
Walter and Eliza Hall Institute, Australia.  Acceleration and suppression of epithelial cell migration using 
a high throughput siRNA approach.  February 23, 2007. 
 
Abstracts 
Simpson KJ, Selfors LM, Bui J, Reynolds A, Leake D and Brugge JS.  American Society of Cell 
Biology, Annual meeting, San Diego.  Acceleration and suppression of human epithelial cell migration by 
siRNA.  December 9, 2006. 
 
Training 

• Full time supervision of a technical assistant 
• Supervision of a rotating Graduate student 
• Manuscript revisions both independently and in conjunction with Dr. Brugge 
• Continued involvement in organization of the Longwood area mammary gland meeting 
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Current collaborations 
Dr. Devin Leake and Angela Reynolds, Thermofisher (formerly Dharmacon RNA technologies).  
Quantitation of siRNA knockdown using a high throughput screening approach.  
 
Dr. Scott Snapper and Dr Anna Lyubimova, Massachusetts General Hospital Department of Medicine, 
Boston.  Investigating the role of N-WASP in cell motility. 
 
Dr. Alexei Degterev, Tufts University, Boston. Characterisation of small molecule inhibitors with respect 
to inhibition of cell motility in breast carcinoma cells. 
 
General comments 
A no-cost extension has been granted to this award that will allow outstanding experiments necessary for 
the completion of the manuscript to be finalised.  Some of the data generated in this past year was used to 
gain NIH funding as we are members of the Gene Expression group of the Cell Migration Consortium.   
 
Conclusions 
RNAi screening remains fairly exclusive technology.  We have made significant progress over the course 
of the past year and gone through extensive validations to be confident of out hits.  We have identified a 
number of candidate genes that either positively or negatively regulate epithelial cell migration.  We have 
chosen to focus on potential tumour suppressor genes, those in which loss of expression results in 
increased migration potential.  Informatics analysis of a subset of the breast tumour literature has provided 
a direct focus on potential candidates for future biochemical studies   
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Appendices 
Bellovin et al., 2006, Cancer Research manuscript 
 
Supporting data 
Figure 1 - Phenotypic range of the wound healing assay. 
 
Figure 2 - Schematic representation of the siRNA screen of the kinase, phosphatase and custom 
(migration-related) genes. 
 
Figure 3 - Further validation of the closing set of 101 genes. 
 
Figure 4 - Distribution of the degree of knockdown of the kinase and phosphatase SMARTpools. 
  



Figure 1 - Phenotypic range of the wound healing assay.  A) Hits were classified on the basis of the numerical Area score (scores indicated in red)
and a visual score, both normalised to the control.  Genes that accelerated migration (closed bin) scored <0.75 and those that impaired migration 
(Open bin) scored >2.0.  Genes that scored <0.8 in the Alamar blue assay (scores indicated in blue) were grouped into a low alamar subclass.
Each gene is listed alongside its Entrez Gene ID and the phenotypic duplex concordance score is shown.  B) Images were captured at high 
resolution which enables detailed analysis of the actin cytoskeleton (via Phalloidin staining) and general cell morphology as shown.
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Control
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Alamar: 1

CSNK1G2 - 1455
4/4 Duplex
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0.98
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2/2 Duplex 
2.89
0.81

BCAR1 - 9564
2/2 Duplex 
3.89
0.68

DAPI
Phalloidin

A)

B)
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Figure 2- Schematic representation of the siRNA screen of the kinase, phosphatase and custom (migration-related) genes. A) SMARTpools. 
B) Classification of genes into hit bins, Closed (C), Open (O), Low Alamar (LA) and No Change (NC) and their distribution within each library.
Overall distribution of hits (C) and the phenotypic concordance of the 2 individual sequences matching the SMARTpool (D).  If both sequences
matched they scored a 2, 1 sequence scored 1 and no phenotypic concordance scored 0.  The overall distribution of phenotypic duplex concordance
is shown in part E.
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Figure 3 - Further validation of the closing set of 101 genes.  Phenotypic concordance after screening the 4 individual sequences that 
comprise the SMARTpool (A).  Highest confidence can be placed in those that had 3 or 4 of the sequences phenotypically matching the pool.
Morphological concordance was observed for the SMARTpool and individual sequences (Du1, 2, 3) as shown after knockdown of RHOA (B).  
Western analysis shows the RHOA SMARTpool and individual sequences efficiently targeted the RHOA gene.  High resolution imaging of (Ci) 
knockdown of CTNND1 results in an altered morphology reminiscent of an epithelial to mesenchymal transition and (Cii) increased motility
without loss of cell-cell contact for PTPRO and (Ciii) mock-transfection control.
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Figure 4 - Distribution of the degree of knockdown of the kinase and phosphatase SMARTpools.  Knockdown was
grouped into percentile bins and shows that 61% showed knockdown of greater than 60% and significantly, 34% of genes 
knocked down greater than 80%.  
The distribution of each hit classification is shown within each knockdown percentile.  Statistical analysis using the Kruskal-Wallis 
non-parametric ANOVA shows no significant enrichment for knockdown within any phenotypic class.
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